Hard nanocomposite TiCuN films were deposited on high-speed-steel (HSS) substrates by pulse biased arc ion plating with a single multi-component TiCu (88/12 at%) alloyed target. The effects of pulse bias duty cycle on the elemental content, structure and mechanical properties of the deposited films were investigated. The Cu atom content of the TiCuN films was analyzed using an electron probe microanalyzer (EPMA). The structure of the films was determined by X-ray diffraction (XRD) and their hardness and elastic modulus were measured using a nanoindenter. Under pulse bias voltages of ¹300 V and ¹600 V, the Cu content decreased with an increase in the duty cycle from 10% to 50%. The XPS spectra of Cu 2p for the TiCuN films showed that only pure metallic Cu was present. With an increase in the pulse duty cycle from 30% to 50%, the diffraction peaks of TiN in the preferred orientations (111) and (220) were observed, for pulse bias voltages of ¹300 V and ¹600 V, respectively. Furthermore, no obvious sign of the metallic copper phase was observed in the XRD patterns. Under both pulse bias voltages of ¹300 V and ¹600 V, the value of hardness showed first an increase and then a decrease with an increase in the duty cycle from 10% to 50%. The maximum hardness value observed was 31.5 GPa, which was obtained for a 30% duty cycle under a pulse bias voltage of ¹600 V.
Introduction
In recent years, superhardnanocomposite films with high hardness (up to 5070 GPa or even higher) have attracted much attention. These can be divided into two groups: (1) ncMeN/hard phase nanocomposite films (with species such as a-Si 3 N 4 and a-TiB 2 as the hard phase) 13) and nc-TiN/a-Si 3 N 4 films with extremely high hardness; (2) nc-MeN/soft phase nanocomposite films with elements such as Cu, Ni, Y and Ag 46) as the soft phase, as proposed by Musil et al. 7, 8) Here, the prefixes nc-and a-denote the nanocrystalline and amorphous phase, respectively. Elements such as Ti, W, Zr, Cr, Mo and Al can form hard nanocrystalline nitrides in both groups of nanocomposite films.
The nc-MeN/soft phase nanocomposite films such as TiN/ Cu have previously been investigated using several techniques, including D.C. reactive magnetron co-sputtering, 9, 10) magnetron sputtering with low energy ion flux irradiation, 11) arc ion plating 12, 13) and a hybrid arc ion plating and magnetron sputtering method. 14, 15) All the aforementioned techniques are feasible in basic research; nevertheless, the PVD methods based on sputtering and arc ion plating are more practical in large-scale industrial applications.
Arc ion plating is a widely used industrial hard coating technique. D.C. biases are generally used to improve film quality, but continuous ion bombardment results in an increase in substrate temperature, considerable residual stresses and a large number of macroparticles (MPs). In order to improve on the conventional D.C. biased arc ion plating, Olbrich et al. 16) developed pulse biased arc ion plating (PBAIP), which features low substrate deposition temperatures, low residual stress, macroparticle cleaning, fine grain sizes and high film/substrate adhesion, while retaining all the advantages of arc deposition. 1618) In this study, Ti CuN films were deposited on high-speed-steel (HSS) substrates by PBAIP. The effects of the duty cycle on the composition, structure, and mechanical properties of these nanocomposite TiCuN films were investigated.
Experimental Details
A schematic diagram of the arc ion plating deposition system for the TiCuN films is shown in Fig. 1 . A TiCu (88/12 at%) alloyed target with 99.99% purity, which was set on one side of the chamber, was used to deposit TiCuN films. The substrates were polished and ultrasonically cleaned for 5 minutes, then dried and put on the substrate support in the chamber under a 5 © 10 ¹3 Pa near-vacuum condition. In order to remove any oxides or contaminants on the substrate surface, the TiCu alloy target was used to bombard and sputter with a constant target arc current of 80 A, an Ar gas partial pressure of 0.4 Pa, and a bombardment time of 5 minutes. In order to enhance the film/substrate adhesion, a thin layer of TiCu (¹50 nm) was first deposited on the samples. Following this, a continuous stream of nitrogen reactive gas was introduced into the deposition chamber to form nitrides during film deposition. During deposition, a pulsed power source was used to superimpose a negative pulse bias to the substrates, with pulse bias voltages U p = ¹300 V and ¹600 V, duty cycles D = 10%, 30% and 50%, and a constant pulse frequency f = 40 kHz used. The following parameters were kept constant during film deposition: arc source current I TiCu = 80 A, N 2 partial pressure P N 2 ¼ 0:3 Pa, cathode arc substrate-to-target distance d s-t = 400 mm, and total deposition time t p = 60 min. The substrate current density obtained in the negative bias application was in the range of 0.61.1 mA/cm 2 , and the thicknesses of the deposited films were in the range of 1.92.3 µm.
The elemental content of the films was analyzed by using an electron probe micro-analyzer (EPMA, SHIMADZU, EPMA-1610). The structures of the deposited films were investigated by X-ray diffraction (XRD, D/max2400 with Cu K¡ = 0.154056 nm) with ª-2ª mode. X-Ray photoelectron spectroscopy (XPS, ESCALAB250), with 2 kV Ar + sputtering voltage and ³0.2 nm/s sputtering speed, was used to analyze the chemical bonding. The hardness and elastic modulus were measured using a nanoindenter (TriboIndenter μ , Hysitron Inc.), with a maximum applied load of 3 mN and an impression depth lower than 10% of the film thickness. In order to account for the non-uniformity of the films, the results were averaged over more than 10 measurements.
Results and Discussion

Chemical composition
The atomic content of Cu in the films is shown in Fig. 2 . It can be seen that an increase in the duty cycle from 10% to 50% led to a decrease in the Cu content from 3.70 at% to 2.24 at% at U p = ¹300 V, and from 3.35 at% to 1.55 at% at U p = ¹600 V. The higher the duty cycle is, the longer the ion bombardment time is during film deposition, which means that stronger ion bombardment and higher deposition temperature were required. 19) Since Cu has a much higher sputtering yield than Ti, 20) the strong ion bombardment impinging onto the surface of the growing films caused more Cu atoms to be sputtered with increasing ion bombardment time. Figure 3 shows the XPS spectra of Cu 2p for the TiCuN films. The position of the Cu 2p peaks basically remained stable, at 932.7 eV for Cu 2p 2/3 and 952 eV for Cu 2p 1/2 , for different duty cycles of pulse bias and Cu content. These peak values, which are consistent with those of pure metallic Cu, are similar to the results obtained by Li etc.
Chemical bonding
11) Nevertheless, CuN bonding was not obtained. Figure 4 shows the XRD patterns of the deposited TiCu N films. The XRD patterns measured in ª-2ª mode, were used to analyze the crystal phases. All the diffraction peaks for the TiCuN films at various duty cycles corresponded to the peaks of the cubic TiN structure (B1-NaCl type). For D = 10% and U p = ¹300 V and ¹600 V, diffraction peaks (111), (200) and (311) of TiN were found, and no obvious preferential orientation was observed in this investigation. On the other hand, for D = 30%, 50% and U p = ¹300 V, a diffraction peak of TiN in the preferential orientation (111) was observed, whereas for D = 30% and 50% and U p = ¹600 V the corresponding peak preferential orientation changed to (220). The strong preferential orientation (111) seen in some of the TiCuN films may be related to a competition between the lowest surface energy of the (200) plane and the lowest strain energy of the (111) plane, 21) which causes that the growing films to develop a crystallographic texture so as to minimize the total energy of the films under low biases of the substrate. 22) When the duty cycle was increased from 30% to 50% for U p = ¹600 V, the observed preferential orientation (220) may be attributed to a relatively high adatom mobility. 23, 24) In addition, the higher deposition temperatures caused by an increased duty cycle contributed to the change of preferential orientation from (111) to (220). This shift in preferential orientation from (111) to (220) when U p was increased to ¹600 V is consistent with Zhao et al.'s study, 25) which showed that for large values of the substrate bias, the (220) orientation is likely to form.
Microstructure
The XRD results also showed a low angle peak shift with an increase in the duty cycle. The reflection peaks of Cu were not observed for all the films, which may be due to the low Cu content and fine grain size of the Cu phase present in the films. For U p = ¹600 V and D = 10%, Ti(002) reflection was observed, although the peak intensity of Ti was much lower than the peak intensity of TiN. The intensity of the Ti peak became low with increasing duty cycles D and there is no Ti peak in the XRD pattern for D = 50%. The substrate ion current density decreased with increasing duty cycles D from 10% to 50%, resulting in the change in ion bombardment and consequently, film microstructure. Figure 5 (a) shows the crystallite size of TiN as a function of duty cycle. The crystallite size was determined from the width of the XRD integral peak in ª-2ª mode using the Scherrer equation. As the figure shows, the crystallite size of TiN was in the narrow range of 1419 nm, and generally showed a decreasing trend with an increase in duty cycle from 10% to 50% for U p = ¹300 or ¹600 V. Figure 5(b) presents the crystalline size of TiN as a function of the Cu content of the films. Here, the crystallite size of TiN shows an increase with increasing Cu content; however, these results are inconsistent with He et al.'s study, 26) in which the grain size of TiN showed a dramatic decrease with Cu content above 2 at%. The immiscibility of TiN and Cu means that Cu cannot form separate aggregations in this range; thus, the TiN grains cannot be prevented from growing at low Cu content (<4 at%). The average TiN grain size observed was 16 nm.
A rough calculation showed that it was not possible for 3.7 at% Cu to form a continuous layer among the TiN grains. Therefore, a reasonable hypothesis is that the Cu atoms were dispersed in the TiN lattice, thereby resulting in lattice distortion. A consequence of lattice distortion is the stopping of dislocation movement; this may also explain the low angle peak shift observed using XRD. There is, however, a lack of direct evidence to support such an explanation; therefore, further work is needed to fully explain these results.
The microstructure of single-phase films is qualitatively well described by structural zone models (SZM). 27, 28) However, the model description would have to be changed substantially to account for the presence of impurities or selected additives in the film. A new model, proposed by Barna and Adamik, 29) suggests that impurities or additives stop grain growth and stimulate grain renucleation, which results in the formation of increasing amounts of globular structures in the film. For a high content of impurities or additives, the columnar structure which is mainly typical of zone I of the SZM's single-phase film would fully disappears. Here, the microstructure of the two-phase nanocomposite films was identical with Barna and Adamik's model. 29) In addition, the Cu content was low (in the range of 1.55 3.7 at%). By comparison with the grain size calculations for the TiCuN films in the present study and the corresponding results for the ZrCuN films in Zeman et al.'s study, 30) it is proposed that the fine-grained TiCuN films seen here were formed with a very dense, columnless, microstructure.
Based on the binding energy of Cu 2p in the XPS spectra shown in Fig. 3 , and the diffraction peak position of TiN (111) in the XRD patterns shown in Fig. 4 , we deduce that the Cu is segregated to the boundaries of the TiN nanograins in the film. However, it is very unlikely that the segregated Cu exists as a thin layer of amorphous matrix; 31) otherwise, the film containing 3.7 at% Cu would not exhibit a pronounced TiN (220) texture. Additionally, the nearly constant crystallite size of TiN upon the addition of Cu does not imply the existence of a thin layer of amorphous Cu matrix. Previous results obtained using high-resolution transmission electron microscopy (HRTEM) 14) showed that some Cu phase can accumulate at the TiN grain boundaries due to the immiscibility of TiN and Cu. Therefore, we propose that the Cu in the films exists as very tiny dispersed Cu particles, resulting in the formation of a nc-TiN/nc-Cu structure, in which the very tiny Cu crystallites are dispersed around the relatively large TiN crystallites.
Hardness
A typical load-displacement nanoindentation curve of multilayered films, obtained using the standard Berkovich indenter, is shown in Fig. 6 . The values of elasticity modulus E and hardness H were obtained using Oliver and Pharr's method. 32) Figure 7 (a) and 7(b) show the hardness and elastic modulus value of the TiCuN films, measured by nanoindentation, as a function of duty cycle of pulse bias. The hardness values first increase and then decrease at U p = ¹300 V or ¹600 V with an increase in duty cycle from 10% to 50%. The maximum value of hardness was 26.5 GPa at U p = ¹300 V and 31.5 GPa at U p = ¹600 V.
The duty cycle has a clear effect on film hardness in this study, which is consistent with the results obtained by Li et al. 33) TiCuN film containing 1.5 at% of copper exhibited a maximum hardness of 45 GPa in Myung et al.'s study, 14) which is higher than that in the present study. From the results of previous studies on TiCuN nanocomposite films (e.g. Ref. 7, 14) ), as well as from the present study, it is reasonable to assume that a high hardness can be obtained when the content of the metallic phase in these materials is in the range of 1.52 at%. However, a maximum hardness value of 40 GPa for the nanocomposites Ti 43 N 49 Cu 8 (i.e. 8.0 at% of copper) was obtained by Andreason et al. 34) An increase in the Cu content would therefore lead to a slight decrease of the film hardness, which may be related to the structure and deposition processing.
In comparison to previously observed hardness values of the TiCuN films prepared by magnetron sputtering, 18) hybrid reactive arc ion plating and magnetron sputtering 14, 15) and arc ion plating, 12, 13) the maximum hardness observed in present study is much smaller, despite almost the same grain size compared to previous studies.
In general, the Hall-Petch relationship is commonly used to explain the hardness dependence of hardness on the grain size; however, as the crystallite size decreases below a certain value, grain boundary sliding would have a significant impact on hardness so that the hardness, thus causing the harness and strength to decrease. Musil and Vlcek 35) researched twophase nanocomposites coatings prepared by magnetron sputtering, which were composed of one hard phase and one soft phase. They found that the soft metallic phase can play a negative role like that of a "lubricant" between the grains of hard phases, thus causing a possible decrease in hardness. On the other hand, the hard metallic phase can play (a) (b) Fig. 7 The duty cycle of the TiCuN films as a function of the value of (a) hardness and (b) elastic modulus.
a positive role to prevent the growth of the non-metallic phase grain size during the film growth. The hardness of this kind of nanocomposite coating depends on the relative amount of metallic phase and the grain size of the hard phase.
Conclusions
TiCuN nanocomposite films were deposited by pulse biased arc ion plating from a TiCu single multi-component target under different pulse bias voltages. The chemical composition, structure and mechanical properties of the films were found to be related to the duty cycle of the pulse bias. The Cu content of the films appeared to decrease with an increase in duty cycle from 10% to 50%. The XPS spectra of Cu 2p for the TiCuN films showed that only pure metallic Cu was present in the films. All the TiCuN films had a cubic TiN structure (B1-NaCl type). With an increase in the duty cycle from 30% to 50%, the diffraction peaks of TiN in the preferred orientations (111) and (220) were observed at U p = ¹300 V and ¹600 V, respectively. The maximum value of hardness reached was 31.5 GPa at U p = ¹600 V.
